In our everyday life, the perception of thermal cues plays a crucial role for the identification and discrimination of materials. When touching an object, the change of temperature in the skin of our fingertips is characteristic for the touched material and can help to discriminate objects with the same texture or hardness. However, this useful perceptual channel is disregarded for interactive elements on standard touchscreens.
INTRODUCTION
When we rummage in our crammed shoulder bag in order to find the car keys, we hardly use our sense of vision. Instead, we rely on our sense of touch to discriminate objects based on their texture, malleability and temperature. For objects with similar hardness and with a non-textured surface, such as metal and hard-plastics keys, it is primarily Permission to make digital or hard copies of all or part of this work for personal or classroom use is granted without fee provided that copies are not made or distributed for profit or commercial advantage and that copies bear this notice and the full citation on the first page. To copy otherwise, to republish, to post on servers or to redistribute to lists, requires prior specific permission and/or a fee. the characteristic change of temperature in the skin of our fingertips, which lets us discriminate between them.
Thermal stimulation is a rich and emotive perceptual channel, yet underused in human-computer-interaction. This especially holds true for direct touch surfaces. Touching flat and uniformly tempered screens and interactive surfaces with our fingertips or hands has become the de facto standard for interaction with digital interfaces. From mobile devices to tabletops and interactive walls, direct touch is well established because it is cost-efficient, easy to use, and allows for flexible GUI-design. However, the feedback is almost solely based on visual stimuli. Apart from ambiguous vibrotactile buzzes, no information on form, texture, function or state of the virtual input elements is provided haptically. Therefore, researchers have tried to integrate electromechanical actuators into displays to communicate state, form and function of virtual elements. This approach has shown to be greatly beneficial in terms of objective (total task time, accuracy) and subjective (user experience, naturalness) measures of direct touch interaction [3, 11, 15] . The benefits are particularly evident in dynamic multitasking scenarios such as in-vehicle or mobile touch interactions [18, 26] .
However, our perception of temperature and our ability to identify and discriminate objects solely based on their thermal reaction is still underused on direct touch based interfaces. To this day, temperature feedback for the rendering and simulation of materials is not available on touchscreens. In addition to other tactile stimuli such as vibration or movement, thermal stimuli could help to make buttons and elements on touchscreens more diverse and understand-able. Simulated materials such as wood or metal could be part of a touch interface and the additional thermal cues could help to reduce visual and cognitive load.
In this paper, we present the results of a user study in which we use a purpose-built remote tactile interface to simulate thermal characteristics of virtual elements on a touchscreen (see figure 1) . Our results show that participants could discriminate five different materials on touch screens solely by their thermal feedback characteristics.
RELATED WORK

Thermal Perception
In related literature from the fields of physiology, perceptional research or HCI, the term haptic refers to all matters related to the sense of touch. In contrast to the cutaneous sense, which incorporates the skin itself including sensations of pressure, temperature and pain, the common term tactile is mostly used to only describe sensations of pressure [21] .
Being classified as a cutaneous sense, perception of thermal cues is produced by either constant (static) or altered (dynamic) skin temperature. For static temperatures between [30] [31] [32] [33] [34] [35] [36] • C, no thermal sensation is noted [29] . This range is called physiological zero or neutral zone, because the observer does not experience any thermal stimuli due to adaption [17] . Below 30
• C and above 36
• C, we perceive a constant sensation of coldness or warmth, respectively. With static temperatures above 45
• C or below 18
• C, the adaption to thermal cues is not possible and the tactile sensation of temperature is replaced by pain [28] . For dynamic thermal sensations, the perceived stimuli differ depending on the range of temperature. Here, for temperature changes outside the neutral zone, the increasing or decreasing skin temperatures are experienced as increasing or decreasing warmth or coolness [17] . Within the neutral zone, we perceive a rapid increase or decrease of skin temperature as static sensations of warm and cold [30] . Our perception of a material's thermal characteristics is based on these dynamic temperature changes inside the neutral zone.
Material Discrimination
Our skin temperature is ranging from 20
• C to 40
• C in daily activity, but typically remains between 32
• C and 35 • C [13] . Consequently, the temperature of our skin is usually higher than the temperature of surrounding objects. When we touch a material's surface, heat is transferred away from our skin. The resulting thermal cues are influenced by the material's temperature and the heat flux that is conducted out of the skin. These characteristics depend on thermal conductivity, heat capacity, and initial temperatures of both skin and material [10] . However, studies show that the rates of change have to be over 0.5
• C/minute to be perceived at all and that there have to be large differences in thermal properties of objects for the user to perceive them [13] . For our perception and discrimination of various materials such as wood or aluminum, the perception of thermal cues is only one of many tactile stimuli providing information. Others include texture, hardness or profile [5] .
Thermal Feedback in HCI
In virtual reality or telepresence, thermal feedback has been used in combination with vibration and kinesthetics in order to generate a holistic haptic sensation. Kron et al. [16] combined tactile, kinesthetic, visual and auditory feedback to support a physician's diagnosis on a virtual patient. Caldwell et al. [5] present an instrumented finger, which transmits tactile sensations from a robot to a remote operator. Dionisio [6] constructed an application with multiple forms of thermal feedback using Peltier devices 1 , infrared lamps and ventilators. Thus, thermal characteristics of a virtual scenario are communicated to the user. Oohara et al. [22] suggest to use the whole body as area of application for thermal stimuli. In a recent work, Wilson et al. [30] focused on designing structured thermal feedback on mobile devices to assess how well users perceive thermal notifications on hand and forearm.
Other fields of research deal with the human ability to discriminate objects by the decrease of temperature of the human skin when touching colder materials. Caldwell et al. [5] used a purpose-built instrumented finger to sense and communicate tactile cues from a robot device to the operator. Both Ino et al. [12] and Ho et al. [10] developed stand-alone thermal displays using Peltier elements to simulate the heat flux behavior of touched objects. Their results show that materials with similar heat conductivity, such as copper and stainless steel, were often confused. However, there was no significant difference in the performance of the subjects between identifying real and simulated materials. Ino et al. [12] measured the decrease in finger temperature when in contact with the physical materials aluminum, glass, rubber, polyacrylate and wood. Then, they simulated these cues using their device. Subjects could reliably identify aluminum and wood with rates above 80%, but sometimes confused glass, rubber and polyacrylate. This could result from different individual orderings of the materials from cold to warm. We consider these findings in our evaluation (see chapter 3.2).
Tactile Feedback on Touchscreens
Touch interfaces are ubiquitously used due to their costefficiency, flexibility in GUI-design and ease-of-use. Touchscreens form a de facto standard for the interaction with multi-functional systems such as mobile phones or invehicle-infotainment systems. Still, the feedback that is coming from a touchscreen is mostly visual. The only non-visual feedback that is provided by touchscreens today mostly is a buzz from a vibrating motor or an audible beep. This reduction of multimodal information flowing from the interface to the user results in increased visual and cognitive load [18] and forms a potentially dangerous source of distraction [26] .
Therefore, researchers try to utilize the users' sense of touch as an additional information channel. Tactilely conveyed information can be of very diverse nature: e.g. the form, surface structure, malleability, state, meaning, function or distance of a depicted interactive virtual element. Tactile feedback on mobile touchscreen devices has resulted in significantly more text entered per time, fewer errors made and more corrected errors [3, 11] . Other studies show that tactile feedback reduces visual and cognitive load [21, 18] . This especially holds true for dynamic scenarios entailing noise, movement, distraction, attention shifts or high cogni-tive load [4] . In addition, the provision of palpable stimuli on flat touch surfaces also has beneficial effects on the user's subjective impression [3, 23] .
However, researchers and designers still struggle with the technical implementation of tactile actuator technology into the touch display [31] . Proposed solutions entail the movement or actuation of the screen as a whole [14, 26, 1] , the segmentation of the interactive surface in individually movable actuator elements (i.e. 'tactile pixels') [8, 24] or the use of additional tangible user interfaces atop the touch display [19] . For high resolution tactile feedback, which corresponds to the visual feedback in terms of resolution and scalability, a potentially high number of single actuator elements have to be integrated into the touch device. Most feedback elements only provide one tactile stimulus, which is the same for every touching finger, this hindering from multi-touch tactile feedback. Recent approaches to provide tactile stimuli on arbitrary interactive surfaces are based on separating the area of touch (i.e. fingertip or hand) and resulting tactile stimuli on the user's body. The provision of remote tactile feedback incorporates the use of actuators in the user's direct environment or wearable interfaces. Evaluations indicate positive effects of remote tactile stimuli on user performance and subjective evaluation [20] . The notion of remote tactile feedback can also enable for the simplification of actuator design [25] and the creation of novel tactile modalities by combining different actuators on the user's body [27] . For engineers and designers of touch based interfaces with growing functionality, the incorporation of additional tactile stimuli such as pressure, movement and temperature remains fundamental [31] .
However, to our knowledge, thermal cues are still underused on touchscreens as a source of information on the state of the interaction or on virtual elements. Therefore, our goal was to incorporate previous findings on how to simulate materials using defined decreases of temperature [12, 10] and to transfer these findings in order to create discriminable materials on touch-screens. Our approach could help to reduce visual load and to increase user-experience during touch interactions. With the integration of thermal cues as an additional channel of information, the interaction can be greatly enriched.
PROTOTYPE
The design of the thermal actuator and the characteristics of the five thermal patterns presented (aluminum, glass, rubber, polyacrylate, wood) are based on values obtained in related research projects [12, 10] . For comparability to related results, we also chose the fingertip as the area of application of the stimuli.
Thermal Actuator Device
The structure of our thermal feedback system is illustrated in figure 2. The actuator is composed of a Peltier element (29.5 x 29.5 x 4.1 mm), which is attached to a 12V cooler fan 2 with heat conducting film. Two analog temperature sensors 3 are fitted upon the Peltier module next to the touching area to measure the temperature of the heat pump. The Arduino-based 4 control element reglates the in-2 RR-910-HTX3-GB 3 KTY81-210 4 www.arduino.cc tensity and direction of the current, which drives the Peltier element. The maximum speed of cooling is around 6.2 • C/s, heating works with 5.5
• C/s. For the evaluation, the thermal stimulus can be given in two ways:
1. The subject rests the index finger of the dominant hand on the Peltier actuator and the temperature decrease is given.
2. The subject touches the virtual interactive element on the touchscreen with the dominant hand, while the associated thermal material information is provided to the non-dominant hand, whose index finger rests on the actuator. 
Design of Stimuli
The measured temperature characteristics of the finger touching the 5 materials are depicted in figure 3 . For wood, a small temperature decrease of 0.1
• C is needed and can be provided by our device in 500ms. For aluminum, which is the coldest material, a temperature change of -6.9
• C is needed [12] . Our device is able to provide this stimulus in 3200ms when cooling down from the starting temperature of 30
• C. For each material, the cooling process was preprogrammed. 
EVALUATION
The objective of our evaluation was twofold: First, we wanted to assay whether participants were able to discriminate virtual materials using our stand-alone prototype. Second, we were interested in evaluating the participants' ability to discriminate virtual objects on touchscreens using the prototype as a supplemental tactile feedback device. In both parts of this experiment we evaluated the identification rate for five virtual materials based on predefined thermal cooldown characteristics.
Measuring Finger Temperature
According to related work, the temperature of the finger remains between 25
• C to 36 • C [13, 10] and is highly individual. In a preliminary evaluation, we asked 18 participants (13 male) to hold an analog temperature sensor 5 between the thumb and index finger of their dominant hand for 30 seconds (see figure 4) . The results show a mean of 30.01
• C (SD=2.79) and a median of 30.62
• C. Consequently, we used 30.0
• C as the resting temperature of the fingertip during the following evaluations. 
Research Questions and Hypotheses
As stated before, the temperature decreases measured from real materials [12] served as a basis for our evaluation. The thermal feedback device and the thermal stimuli were implemented accordingly. Our main goal is to use the applied thermal stimuli to augment interactive touchscreenelements with additional tactile information on their materiality. Hence, we formulated the following two hypotheses:
H1: Material identification by thermal cues is possible and scores are not significantly different for stand-alone and supplemental thermal stimuli (feedback on the nondominant hand resulting from a touch interaction with the dominant hand).
H2: Subjective ratings of realism, signal-design and information-transfer of the thermal stimuli are comparable for stand-alone and supplemental thermal stimuli.
Experimental Design
We used a within-subject/repeated-measures design. The independent variables were feedback location (index finger's tip of dominant hand vs. non-dominant hand) and the applied stimulus (five defined temperature changes (∆T ) for aluminum, glass, rubber, polyacrylate and wood). As the dependent variable we recorded the user's decision for a material.
Apparatus
As shown in figure 5 , we used a thermal feedback device and a touch screen (capacitive single touch) for the study. The set-up was mirrored for left-handed persons. A list of the five materials was presented on the screen and was randomized for every trial. The two uses of the thermal display during the evaluation: (a) the stand-alone thermal display is used to present cues to the dominant hand; (b) the dominant hand interacting on the screen with the supplemental thermal display presenting cues to the non-dominant hand.
For stand-alone thermal feedback, the seated participant's index finger of the dominant hand was rested on the thermal display. Upon touch, the subject was given a thermal cue. Subsequently, the perceived stimulus had to be selected by touching the list on the touchscreen. For supplemental applied stimuli, the participant's index finger of the non-dominant hand was rested on the device and stimuli were given when the user touched the white rectangle on the screen with his dominant hand. When the participants had decided on a material, they selected it from the list. For both parts, the system measured the duration of stimulus presentation and registered the user's selection. Every material was given eleven times in a randomized sequence for every subject. In order to calibrate participants to the task, the first five selections contained each of the five materials. These selections were not measured. The order in which the two tests had to be performed was counterbalanced across subjects. Additionally, we analyzed the participants' subjective evaluation of both types of stimuli using a questionnaire. We measured the evaluation of the signal's realism, signal design and information bandwidth by adapting AttrakDiff, an evaluation method stemming from user experience research [9] . The method is originally used for measuring the user's opinion on pragmatic quality, hedonic quality and attractiveness of a product. In our experiment, participants rated the stimuli on a 7-point scale of semantic differentials, i.e. pairs of opposing adjectives.
Participants
A total number of 20 subjects (nine female) participated in the user study. They were aged from 20 to 29 (average age 24). Two subjects declared to be left-handed.
Procedure
At the beginning, the users were asked to fill out a demographic questionnaire on age, sex, handedness, diseases or finger-injury, which could affect the measurement. Next, participants were informed about the five available virtual materials (Aluminum, Glass, Rubber, Polyacrylate and Wood) and were asked to rank them from cold to warm according to their personal experience. For the stand-alone thermal feedback task, the defined temperature decrease was started as soon as the subject touched the Peltier element directly. Participants could take as much time for the decision as they wanted, but were only allowed to touch the element once for each decision. Once the subjects had decided on the material, they lifted their finger from the device and selected the perceived material from the list on the touch-screen. The experimenter made sure that there was a two-second break in order for the element to reheat to the resting temperature of 30
• C. For the supplemental thermal feedback task on the touchscreen, the participants interacted on the screen with their dominant hand. Participants were asked to touch the virtual white rectangle on the screen. A synchronized thermal feedback (temperature decrease) was given and the reduced temperature was held as long as the participant touched the material. When they lifted their finger from the square on the touchscreen, the device's temperature was heated back to 30
• C. The perceived material had to be selected from the list on the touch-screen. After both tasks, participants were asked to fill out the semantic differential questionnaires about the signal's realism, signal design and information bandwidth. Finally, the participants were asked in a semi-structured interview about other possible locations and uses of thermal feedback. Figure 6 shows the rates of material discrimination for both stand-alone thermal stimuli and supplemental thermal feedback. For stand-alone thermal feedback, identification rates differ between individual materials. Aluminum (identification rate: 65.5%) was most reliably identified followed by glass (39.0%), polyacrylate (36.5%) and wood (33.0%), which are nearly equally well identified. Rubber was identified in only 14% of all cases. In other words, identification of rubber was worse than the chance level of 20% when selecting one material out of five, while all other materials were identified clearly above chance level. Looking at the results for supplemental feedback on the touch screen, aluminum is identified best (70.5%), followed by glass (44.5%), polyacrylate (45.5%) and wood (43.5%). Once again rubber is identified below chance level with 10%. Although identification means are a bit higher for all cases (except rubber), there is no statistical significant difference (p = 0.060) between stand-alone and supplemental feedback. Thus, we can confirm H1. Our results are comparable to those of Ino et al. [12] (see figure 7 ). However, they used a small sample of five participants whereas we incorporated 20 subjects. Our observations concerning the order of identification (aluminum was best identified, while rubber was hardly identified) is also visible in Ino's results. In summary, we can state that we achieved stable rates of discrimination for either stand-alone or supplemental thermal feedback. Results show no significant differences between the results for directly applied stimuli and stimuli that were given to the non-interacting hand. In tendency, participants were even better in discriminating materials on touchscreens than with the stand-alone device, even though the touchscreen did not show additional information about the material.
RESULTS
Material Identification
Effect of ordering
For our analysis, we used the order of materials proposed by Ino et al. [12] (from cold to warm: aluminum, glass, rubber, polyacrylate, wood). Having asked our participants about their personal order of the materials, however, it became obvious that most users expected a different ordering. Looking at all different orders we can observe two groups of materials, generally cold materials (aluminum and glass) and generally warm materials (wood, polyacrylate and rubber). While participants' answers differ in the order of materials in one material group, no participant ordered the materials in a sequence mixing cold and warm materials. Figure  8 shows the identification rates based on the order of Ino et al. [12] we used in our evaluation (depicted by two of our participants), investigated order (averaged order based on all participants from cold to warm: aluminum, glass, polyacrylate, wood, rubber; depicted by five of our participants) and individual order for every participant. With the exception of supplemental feedback in investigated order, all identification rates increase. Our observations show the clearly individual nature of thermal material perception.
Subjective ratings
Subjects were asked to rate realism, signal design and information bandwidth of both stand-alone and supplemental thermal stimuli on a five-grade semantic differential. The results are depicted in figure 9 . Both stand-alone and supplemental stimuli were perceived as being pleasant and creative (realism); understandable, logical, meaningful and innovative (signal-design) and even fun to use (information). Ratings below 3 for thermal cues were given for being far from reality and difficult to understand (realism). Subjects also described the stimuli as being unpredictable (information). In general, the subjective ratings for both stand-alone and supplemental thermal stimuli showed no difference of more than one grade. Small differences were stated for supplemental stimuli as being less natural (realism), not manifold (signal design) and complicated in comparison to direct stimuli (information). In summary, both types of signal communication obtained similar values, thus affirming H2.
FUTURE WORK
We used off-the-shelf materials to implement our actuator system. Consequently, our device has certain limitations, such as the relatively large amount of energy that is needed to generate the thermal stimuli. The size of the actuator currently impedes the implementation on mobile devices. We assume that in future implementations the actuators will be smaller and the cool-down and reheating process will be faster due to improved actuator technology (e.g. higher amperage, enhanced thermal conduction). This could result in improved discrimination rates and would allow for an even greater range of discriminable materials. We will repeat our evaluation with more participants in order to gain more significant and stable results.
DISCUSSION
We used a supplemental actuator device to simplify the implementation of thermal cues on touch surfaces; no dedicated thermal display for every single pixel of the interactive surface is needed. Previous work has shown the potential of remote tactile interfaces to create novel haptic stimuli by combining different actuators (e.g. vibrotactile, mechanical, thermal) on the user's body [27] .
It was interesting to see that the notion of remote tactile feedback did not have a negative effect on discrimination rates. Discrimination rates were even better for 4 out of 5 materials. The perception of a reference value is a possible explanation for this: When supplemental thermal feedback is given, our finger remained on the prototype, so we perceive both the active cooling and the active heating of the element. The temperature of the finger on the touchscreen did not change, thus a constant reference value was given. The nature of our receptors may have helped to detect the slight temperature changes between the index fingers of both hands [13] .
We also discovered a strong effect of the personal ordering of materials in temperatures from cold to warm. When taking the users' personal estimation of object temperatures into account, the rates for detecting materials increased considerably. Some people consider aluminum to be colder than glass, while others thought it was the other way around. This documents the clearly individual nature of tactile perception and should be considered in future implementations on personal touch displays such as on mobile devices or incar touchscreens. This could help to generate a more life-like impression of the virtual materials.
Applications
When spatially separating touch input and resulting tactile feedback, we have to incorporate the psychophysics of temperature perception and varying density of thermal receptors in the human skin. Thermal feedback can be given using wearable actuators or by instrumenting the user's environment. Better than mechanical stimuli such as movement or vibration, thermal cues can also be provided 'over a distance', e.g. using warm air jets. We can think of using the forearm, the back or thighs for thermal cues during touch interactions; e.g. by instrumenting the frame of an interactive table, the steering wheel or the driver's seat in the car.
Material Simulation.
First of all, supplemental thermal cues could be used to support the non-visual exploration of an interactive surface. Thermal cues could help to make GUI objects discriminable, thus helping to reduce visual and cognitive load. This could be especially helpful in dynamic scenarios such as mobile device interaction or the driver's interaction with touch based in-vehicle infotainment systems. Here, thermal stimuli should be used in addition to other tactile information (e.g. vibration, movement) representing material and surface characteristics to establish a rich and redundant representation of virtual elements.
Additional Information.
Furthermore, thermal cues could also communicate semantic information such as state, function or proximity of a virtual element. Virtual touchscreen buttons could feel hot or cold to inform the user about their important function ("Buy ticket?"). Icons of data files or applications could feel cold when not used for a long time. Being a personal and private channel of information, supplemental thermal cues are appropriate for collaborative and multi-user scenarios involving tabletops or interactive walls. The temperature of data objects could communicate its ownership ("It's hot so it's not mine!"). It is important to consider that with supplemental thermal stimuli (and user identification), an object can have different temperatures for different users. The feedback is interlinked with the user rather than the touch surface.
Thermons.
Finally, thermal cues could also be used without touch interfaces. They could serve as structured, abstract messages communicating information non-visually. Brewster et al. have established the concept of 'Tactons' or tactile icons to support users of desktop interfaces and mobile devices as well as visually impaired users with a variety of tactile information [2] . For thermal cues, a similar principle could be developed. Useful parameters are absolute temperature, rate of temperature change or total temperature difference (see chapter 2.1). We propose the term 'Thermons' for structured thermal messages or 'thermal icons'.
CONCLUSIONS
In summary, our results show that virtual touchscreen elements are discriminable based on thermal feedback. To a certain extent, even a simulation of materials is possible. We exemplified an easy and versatile implementation of a supplemental thermal interface. Our results will enable the future exploitation of our perception of temperature to naturalize and enrich the interaction with touch surfaces.
